Quantifying the contributing factors towards signal fatigue in nanocomposite strain sensors by Boland, Conor S
Quantifying the contributing factors towards signal fatigue in 
nanocomposite strain sensors
Article  (Accepted Version)
http://sro.sussex.ac.uk
Boland, Conor S (2020) Quantifying the contributing factors towards signal fatigue in 
nanocomposite strain sensors. ACS Applied Polymer Materials, 2 (8). pp. 3474-3480. ISSN 2637-
6105 
This version is available from Sussex Research Online: http://sro.sussex.ac.uk/id/eprint/92678/
This document is made available in accordance with publisher policies and may differ from the 
published  version or from the version of record. If you wish to cite this item you are advised to 
consult the publisher’s version. Please see the URL above for details on accessing the published 
version. 
Copyright and reuse: 
Sussex Research Online is a digital repository of the research output of the University.
Copyright and all moral rights to the version of the paper presented here belong to the individual 
author(s) and/or other copyright owners.  To the extent reasonable and practicable, the material 
made available in SRO has been checked for eligibility before being made available. 
Copies of full text items generally can be reproduced, displayed or performed and given to third 
parties in any format or medium for personal research or study, educational, or not-for-profit 
purposes without prior permission or charge, provided that the authors, title and full bibliographic 
details are credited, a hyperlink and/or URL is given for the original metadata page and the 
content is not changed in any way. 
Quantifying the Contributing Factors towards Signal Fatigue in Nanocomposite 
Strain Sensors 
Conor S Boland* 




Keywords: nanocomposite, strain sensor, electromechanics, Mullin’s effect, fatigue, Basquin’s law, 
model, bodily sensor 
 
Abstract 
With unparalleled sensitivities, nanocomposites are believed to be key components in future bodily 
sensor and healthcare devices. However, there is a lack in understanding of how repeated strain cycles 
effect their electromechanical performance and what measures can be taken to accommodate changes 
in measurement using modelling and signal processing. Here, the author examines published cyclic data 
from a wide range of nanocomposite strain sensors. From the datasets, the author reports a near 
universal scaling in electromechanical signal with cycle number (C) as a result of the Mullin’s effect. 
Using a modified model based on Basquin’s law of fatigue, for all nanocomposites, signal was found 
to following a nearly identical C-0.1 power law scaling with cycle number. Using the presented model, 
the author demonstrated that a critical conditioning cycle number for a nanocomposite at which a steady 
state signal occurs, known as the endurance limit, can be predicted. Endurance limit was reported to be 




Research into the electromechanical properties of elastomer-based composites filled with conductive 
nanomaterials are heralded as one of the great hopes of nanoscience reaching the consumer market 
place.1, 2 Not just limited to one singular polymer or nanofiller type, these nanocomposite materials 
applied as strain sensors are paving the way towards the practical use of nanotechnologies outside of a 
laboratory setting.2 From bodily movement to real-time vital signs measurement, nanocomposite 
sensors have far surpassed the performances of current commercial devices, being on average six times 
more sensitive.3 These advances in research and their processability are quickly leading to the 
realisation of these materials even facilitating future robotic technologies.4 In order to enable these lofty 
yet very realistic aspirations, nanocomposite strain sensors must display a large sustainable 
electromechanical response over a wide working range (i.e. large working factor).3 Ideally, these 
sensing materials will have a signal that changes linearly with strain to accommodate performance 
metric extrapolation and signal processing. This linearity was reported to be highly dependent on the 
yield strain of a nanocomposite and the level aggregation present in the conductive filler network, with 
higher levels of aggregation decreasing signal linearity.3 
However, the effect repeated or cyclic loading has on the electromechanical response of 
nanocomposites is widely unquantified and in many cases goes unreported.3, 5 For their use in future 
technologies, nanocomposites must present a signal that is for the most part invariant and in literature 
this is generally examined through cyclic testing in which a material is repeatedly strained through a 
constant strain range with the electromechanical response simultaneously measured. Under cyclic 
loading conditions, two mechanisms can occur that lead to electromechanical response to either increase 
or decrease. The first mechanism is quite straightforward, in that, as cycle number increases the 
electromechanical response will also increase in magnitude or undergo a positive drift due to crack 
initiation, transverse microcracking, and delamination caused by plastic deformation in the polymer 
matrix.6, 7 Ultimately this internalised cracking will result in the conductive filler network being 
artificially more sensitive to strain, resulting in the observed increase in electromechanical response 
with cycle number. 8-13 It is reported in CNT fibre nanocomposites that this change in composite 
resistance will increase linearly with cycle number and could allow for such materials to be applied as 
damage sensors.14 However, for health applications and using pulse measurement as an example, the 
average human heart will beat ~108,000 times a day and if a nanocomposite sensor begins to fail at 
~1000s of cycles, it is simply not fit for purpose as a bodily sensor. Signal processing would 
unfortunately not be able to correct for the randomness in electromechanical response due to damage 
before failure and thus their usage lifetime would be far too short for such health monitoring 
applications. 
For the second mechanism, there is a large observed electromechanical response during the first cycle, 
after which there is a decay in the magnitude of the signal with ensuing cycles.5, 15, 16 Essentially, as a 
nanocomposite is being cycled there is an inadvertent decrease in sensitivity.16, 17 However, it is believed 
that with conditioning cycles, where by a nanocomposite is subjected to a large number of cycles (~ 
200 cycles), that this decay in signal will subside.18-22 Nonetheless, in many cases in literature, there are 
examples of this decay still occurring even at >> 500 cycles.23-29 Despite wide spread observation of 
sensitivity decay, some reports still only cycle materials for as little as  10 cycles and record no 
saturation point.30, 31 The mechanism that controls this sensitivity decay to date has gone largely 
unexplored despite its implications on the future applications of these materials as components in bodily 
monitoring devices. In contrast to the first mechanism, if there were a model that could describe the 
decay in electromechanical response observed during cyclic loading or project a critical conditioning 
cycle number at which a steady state signal could be achieved, it would be a powerful predictive tool 
for the sensor research community.  Through this model, signal processing could be used to correct for 
variations in electromechanical response thus facilitating future studies and applications.  
Here, the author believes that through a detailed analysis of literary data a more complete view of how 
cyclic loading impacts electromechanical response of nanocomposites can be created. Through these 
data sets, an apparent power law dependence in signal with cycle number was observed; with this power 
law scaling found to be similar in all cases.  It was found that this decrease in electromechanical signal 
was a direct consequence of the Mullin’s effect, which describes a stress softening in elastomer 
composites with mechanical cycling. This implies that there is a direct link between mechanical 
hysteresis and electromechanical response. Through this, a model based on Basquin’s law of fatigue 
was created, where good agreement between data and theory was observed. Classically, from Basquin’s 
law, a saturation point in stress softening is predicted and through the author’s modified Basquinian 
model, an expression that projects the required number of conditioning cycles to reach a steady state in 
electromechanical response presented. The predicted values from this model were also found to match 
closely that of reported ones. 
Results and Discussion 
Trends in Literature Data 
In order to assess the performance of nanocomposites during loading cycles, a detailed literature 
analysis was performed in which reports that presented data sets displaying electromechanical response 
as a function of loading cycles were used. This information comprised of data sets from nanocomposites 
with a vast array of morphologies and which applied an even larger variety of nanomaterials. Data was 
extrapolated accordingly from these sources (see Methods) and then plotted as a function of one another 
in Fig 1A. From this plot, it was noted that all data sets appear to follow similar power law scaling in 
fractional resistance change range (R/R0)R (i.e. the height of the reported electromechanical signal) 
with cycle number (C). Power law scaling of (R/R0)R  C-0.1 was denoted by dashed lines in the plot. 
When examining the literary data, in some cases, this scaling eventually reached a saturation point 
however, in many cases the decay seemed continuous. This scaling would seem to confirm that under 
cyclic loading conditions, a nanocomposite’s electromechanical response will diminish as cycle number 
increases. In Fig 1B, a master plot of the normalised fractional resistance change range, (R/R0)R,norm, 
as a function of cycle number confirmed this apparent shared universal scaling in the electromechanical 
properties of nanocomposites as all sampled data sets appear to overlay one another closely. It is 
reported here that this scaling follows a near C-0.1 dependency. 
The Mullin’s Effect in Nanocomposite Strain Sensors 
For the materials described in the previous section, in all cases, they underwent tensile cyclic loads and 
thus experienced stresses occurring in the tensile realm. Under such conditions, materials can undergo 
fatigue and as the material “tires” it can be begin to fail.32 This failure can even occur at stresses and 
strains below the materials yield point.32 More specifically, for elastomers filled with nanomaterials, 
they can undergo mechanisms involving chain breakage, void formation and filler microstructural 
degradation during cycling.33These mechanisms manifest themselves in nanocomposites as a loss of 
stiffness or softening of the material with increasing cycle number resulting in a decrease in stress range 
which is reflected as a downward shifting in hysteresis curves.34 As noted previously, the largest 
decrease in resistance occurred when going from the first to second cycle,31, 35 this in fact mirrors a 
maxima in stiffness and stress loss which is reported to take place during the first cycles of fatigue 
testing.33 The decreasing in (R/R0)R and stress with cycle number in some way must be connected.  
The reported softening that occurs during cycling is known as the Mullin’s effect.36 Similar to the Payne 
effect, the Mullin’s effect is the result of the structural evolution of glassy and soft microstructures 
inside a polymer/filler system as a function of repetitious strains.34, 36 Softening can be attributed to a 
stress relaxation mechanism34 that in the past was modelled by Kraus as the number of connections in 
a filler network inside a housing polymer matrix as function of strain amplitude.36, 37 However, it has 
been noted that this softening is not permanent and stiffness maybe be partially recovered in 
nanocomposites as crystalline regions are reported to ‘rebirth’ ambiently over a long time scale (~106 
s) at a rate that is temperature dependent.38, 39 
Fillers inside polymer elastomer systems can be said to be surround or covered by crystalline polymer 
described as a ‘glassy layer’ and form interconnected networks containing ‘glassy bridges’ (red region) 
that adjoin neighbouring fillers (grey rectangles) inside the bulk amorphous structure (Fig 2A).36, 38, 40-
42 According to percolation theory, at a critical loading level of fillers, this network will enable the 
conduction of electrical current.43-45 During loading for a elastomeric-based nanocomposite, fluidisation 
of the glassy layers and bridges occur (Fig 2B), resulting in a change in filler network structure 
impacting subsequent response to additional loading cycles (Fig 2C).39 This fluidisation is caused by 
local heating from internalised friction in and around the glassy filler network as a result of bulk sliding 
of polymer chains by one another and chains sliding off of or on filler interfaces.34, 39, 41, 42 In contrast, 
for brittle epoxy-based nanocomposites, cycling also leads to softening however hysteresis effects are 
due to the propagation of voids and an increase in crack density.46 For these materials, (R/R0)R is found 
to increase with cycle number as opposed to decrease due to complete material failure.47 
Quantifying Fatigue 
When examining the fatigue experienced by a material brought about by the Mullin’s effect, decay in 
mechanical stress amplitude in relation to repeated, constant low strain cycling can be plotted as a log-
log graph, known as Wöhler's plot.48 This scaling in stress amplitude can then be universally modelled 
using Basquin’s law48-51, rewritten below in terms of stress range (i.e. height of stress signal) 
𝜎𝑅 = 𝜎0𝐶
−𝐵  (Eq. 1) 
 Essentially, this expression describes a power law decay in the measured stress range (𝜎𝑅) with cycle 
number (C) up until a saturation point, known as the endurance limit (CE), at which the stress decay 
slope becomes infinitesimally small and the failure limit is said to be infinite.48, 51 Here, 𝜎0 is a material 
constant related to the stress range after one cycle and B is the Basquin exponent which is a universal 
constant equal to ~0.148, 51 but has been reported to vary between ~0.05 and ~0.2 depending on material 
properties.49 It is important to note that Basquin’s law can only be applied to cycling conditions below 
the yield point.52 In Fig 3A-B, we have hypothetical cyclic mechanical data displaying the 
characteristics of the Mullin’s effect. From extrapolating 𝜎𝑅 from Fig. 3B, a Wöhler's plot can be 
produced in Fig. 3C. From this plot, Basquin-liking scaling was observed and through fitting Eq. 1, this 
assumption is confirmed by the 𝜎𝑅   C
-0.1 scaling.   
We can assume that for nanocomposites, though generally based on non-linear elastomer materials, if 
the deformation applied during cycling is small with respective to the yield point they should undergo 
Hookean-like linear elastic deformation.33, 53 Through this, stress () is related to the applied strain () 
and the Young’s modulus (E) by 
𝜎 = 𝐸𝜀  (Eq. 2) 
So for a Hookean material, the stress range after one cycle can also be said to be 
𝜎𝑅 ≈ 𝐸0𝜀  (Eq. 3) 
Where 𝐸0 is the Young’s modulus after one cycle. Thus, we can relate this expression to Eq. 1 and 
rewrite it as 
𝐸0𝜀 ≈ 𝜎0𝐶
−𝐵  (Eq. 4) 
For electrically conductive nanocomposite materials, their fractional electrical resistance range will 






= 𝐺0𝜀  (Eq. 5) 
Where (R/R0)R,1 and G0 are the fractional resistance change range and the sensitive metric, the gauge 
factor, after one cycle respectively. Taking Eq. 5, we can rearrange it in terms of strain and apply it to 










𝐶−𝐵  (Eq. 6) 






≈ 𝛼𝐶−𝐵  (Eq. 7) 
Similar to what was overserved in literary data sets in Fig 1., this relationship implies that as a 
nanocomposite undergoes a cycling regime, in theory, signal range and thus sensitivity will scale as C-
0.1. 
Apparent Universal Fatigue Scaling in Electromechanical Response 
In accordance with Basquin’s law, it is predicted that the fractional resistance change range of a 
nanocomposites during cycling will scale as C-B, where the exponent should be near ~0.1. To confirm 
this, all data sets (see SI Fig. S1-S7) were fitted to extrapolate the Basquin exponent (see SI Table S1), 
with the values of exponent plotted as a function of the maximum cycle number (Cmax) in Fig 4. From 
this plot it was seen that values for B are found to vary between 0.02 and 0.4 and in comparison to other 
nanocomposite systems like epoxies52, 54 and thermoplastics,55, 56 these values are within the expected 
range. It was found though that the majority of datasets however lay in and around the predicted 
theoretical value of 0.1 (denoted by the dashed red line), with the mean value for the Basquin exponent 
from 54 datasets calculated to be 0.108  0.011. In accordance with theory,57 it was also observed that 
there were several examples of the scaling exponent to be rate and frequency independent (see SI Table 
S1).27, 58-60 Furthermore, the validity of the model was reaffirmed in SI Fig. S8, where theoretical values 
for 𝛼, extrapolated through fitting Eq.7 to SI Fig S1-S7, were plotted against experimentally calculated 
values using the description of 𝛼 from Eq. 6 and the corresponding literary data in SI Table S2. Both 
theory and experimental values were found to be in good agreement. Thus, the presence of the observed 
scaling in the electromechanical response of nanocomposites with cycle number was confirmed to be a 
manifestation of the Mullin’s effect on stress amplitude during cycling that presents scaling predicted 
by Basquin’s law.  
Endurance Limit of Electromechanical Signal 
As previously stated, the response in electromechanical signal is expected to follow a similar trend 
predicted by fatigue theory. According to this theory, at an endurance limit, the scaling in stress 
softening will cease. At this limit, R reaches its minimum steady state value of R,min where all 
deformation within the material will be elastic.61 In general, at this limit, the ratio between R,min and 
0, known as the fatigue ratio,61 can be approximated to 0.561, 62 for elastomers. For our nanocomposite 






≈ 0.5𝛼  (Eq. 8) 
Using this expression, we can rewrite Eq. 7 in terms of the endurance limit, CE 
0.5𝛼 ≈  𝛼𝐶𝐸
−𝐵  (Eq. 9) 
 Simplifying and rearranging this gets 
 ln (𝐶𝐸) ≈
ln (0.5)
−𝐵
  (Eq. 10) 
Now, simplifying Eq. 10 we arrive at a relationship between CE and B that predicts a theoretical value 
for the number of cycles required to condition a nanocomposite to achieve a steady state in signal. 
𝐶𝐸 ≈ 𝑒
ln (0.5)
−𝐵    (Eq. 11) 
Using Eq. 11 and values for Basquin’s exponent from Fig. 4, calculated values of CE were plotted as a 
function of B in Fig. 5. From this plot, for values of B ≥ 0.1 (dashed red line), its reported that the 
number of conditioning cycles required to reach a steady state can be said to be at a minimum. The 
cycles requirement in this region presents values of CE  1000 (dashed blue line) and can be interpreted 
as a region of optimum processability. Below these values for B (i.e. 0.1), the number of conditioning 
cycles required to reach CE dramatically increases. Looking at experimental values of CE reported in 
literature or observed from plotting SI Fig. S1-S7 (see SI Table S3) plotted against values predicted by 
Eq. 11 (see SI Table S1) in Fig S9 are once again observed to be in close agreement. 
Retrospective Impact 
From the model presented, we can now understand on a fundamental level not only what causes 
conditioning in nanocomposite strain sensors but also why some materials, though not presenting any 
obvious signs of materials degradation, never report a steady signal. However, it can also be said that 
there are several examples of nanocomposites reporting little to no discernible tread in (R/R0)R,C with 
C. From this work, this can also now be attributed to their superior mechanical hysteresis as a result of 
fibre formation,63-66 use of lament layers63-66 and micro-structuring67-70 which appears to quench effects 
of stress softening on electromechanical response. However, these morphologies, in particular the 
fibres, generally have larger values for Young’s modulus which has been noted by the author in prior 
work as being a vital parameter of nanocomposites that must be minimised to facilitate applications as 
bodily sensors.3 None the less, through the presented model here, the response signals in these 
engineered nanocomposite systems can now be viewed as possibly being a result of Basquin’s exponent 
values being B >> 0.1. Thus leading to conditioning occurring over the first few strain cycles as 
predicted by Eq. 11. 
Conclusion 
In conclusion, the author has shown that nanocomposite materials universally show a similar power law 
decay in electromechanical signal due to the Mullin’s effect and which was described using a modified 
model based on Basquin’s law of fatigue. By fitting this model to literary datasets, nanocomposites 
were found to on average scale as C-0.1, which was supported by theory and literary data. Furthermore, 
through this model a way in which the required number of conditioning cycles to reach a steady state 
signal was demonstrated, with predicted values closely matching reported experimental ones. This work 
presents methods in which researchers can better gauge a nanocomposite strain sensor’s potential for 
application and allows for the processing of signal outputs to better facilitate reaching the long term of 
goal of applying these materials as health monitors. 
Methods 
Data from literary sources was extracted and fitted using the “Digitizer” function in Origin 2019 
software. Literary datasets were chosen from reports on resistive strain sensors, which used 
conductive polymer-based nanocomposites as the sensing material, and reported cyclic data that 
could be extrapolated. As calculated values are extrapolated from published and not raw data, all 
values are to be taken as an estimate. All values for extrapolated data can be found in the 
Supplementary Information. 
The author declares no competing financial interest. 
Supporting Information 
Supporting Information includes extrapolated values and fitted data from literary sources (Fig S1-S9 
and Tables S1-S3. This Supporting Information is available online free of charge. 
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Figure 1. Atypical polymer-based nanocomposite under cyclic loading. (A) Before cycling, nanofillers, 
depicted here as two-dimensional nanosheets (grey rectangles), are coated in a glassy layer (red regions) 
and have formed an interconnected network of fillers through adjoining layers, known as glassy bridges. 
(B) During loading, fluidisation of the glassy microstructure occurs, causing the regions to trend towards 
a more amorphous structure. (C) After loading release, the density of the glassy microstructure has 
decreased, leaving the nanofiller network less connected to the matrix (orange region) and to nearest 













Figure 2. Basquin scaling in hypothetical cyclic mechanical data. (A-B) Data presented shows that with a 
constant strain loading there is an observed decrease in stress range (R) with respect to the initial stress range 
(0) as cycle number (C) increases. (C) Wöhler's plot presenting R as a function of C where the dashed line 














Figure 3. Basquin exponent from nanocomposite strain sensor literature. The Basquin exponent (B) 
derived from fitting the data sets from Fig 1A in SI Fig S1-S7 were plotted as a function of maximum 
cycle number (Cmax). Values for the exponent were found to vary between ~0.02 and ~0.4, with a mean 












Figure 4. Conditioning requirements to reach steady state signal. A plot of the calculated values of 
endurance limit, CE, from Eq. 11 verse the Basquin Exponents from literary data sets in Fig. 4 calculated 
using Eq. 7 (see SI Table S1). An optimum processability region was designated as nanocomposites 
having a Basquin exponent at or above the theoretically expected value of 0.1, which from this plot 
presents the lowest values of condition cycles to reach CE.   
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